Establishing the cause of recurrent anaphylaxis is one of the primary goals of management because identification of responsible allergens remains a key step for avoiding further exposure or for recommending specific immunotherapy. In studies in which the cause of anaphylaxis has been established, foods or venom cause most reactions, 1, 2 and classically, these IgE-mediated reactions are thought to occur within 5 to 30 minutes after ingestion or injection of an offending agent but can occasionally occur up to 2 hours later. 3 Numerous epitopes responsible for IgE-mediated food allergy have been described and are primarily protein based. 4 Although it is well known that the carbohydrate moieties present on many plant foods can induce anti-glycan IgE responses, the clinical significance of these cross-reactive carbohydrate determinants is unclear. [5] [6] [7] [8] [9] [10] By contrast, recent work has shown that IgE antibodies specific for the carbohydrate galactose-a-1,3-galactose (a-gal) are capable of eliciting serious, even fatal, reactions. a-Gal is produced by the enzyme a-1,3-galactosyltransferase, and the naturally occurring IgG to a-gal is responsible for mediating the hyperacute rejection of pig-to-primate xenotransplantation. 12 IgG antibodies against a-gal are present in all nonimmunocompromised human subjects and constitute about 1% of circulating immunoglobulins in human subjects, apes, and Old World monkeys. 13 While investigating the IgE antibodies in sera of patients who experienced a hypersensitivity reaction to the chimeric mAb cetuximab, Chung et al 11 identified control patients without cancer who also had serum IgE antibodies that bound to cetuximab. These IgE antibodies were shown to be specific for an a-gal moiety found on the asparagine at position 88 in the murine heavy chain portion of cetuximab.
14 Because a-gal is known to be present on tissues (notably thyroglobulin 15 ) from nonprimate mammals, 16 we investigated whether IgE antibodies to a-gal were present in the sera of adult patients reporting reactions to beef. Further screening of sera from patients in the clinic led to the identification of patients with a positive titer of these antibodies whose primary symptoms were Abbreviations used a-gal: Galactose-a-1,3-galactose SPT: Skin prick test recurrent episodes of anaphylaxis, angioedema, or urticaria. Here we report the identification of 24 patients who have IgE antibodies to a-gal and presented because of anaphylaxis, angioedema, or urticaria. These patients have no oral allergy syndrome-type symptoms; report delayed systemic symptoms associated with eating beef, pork, or lamb; and have a consistent pattern of both skin testing and serum IgE antibody results.
METHODS

Patients and control subjects
The studies reported here were approved by the University of Virginia Human Investigation Committee. Screening for IgE antibodies to a-gal began with 4 patients who reported an allergy to beef and presented at the University of Virginia Allergy Clinic. Each of these 4 subjects had positive results on testing for IgE antibodies to a-gal. We subsequently screened 243 patients presenting to the University of Virginia Allergy Clinic (Table I ). This resulted in the identification of 15 further patients with IgE antibodies to a-gal who had a titer of greater than 1.0 IU/mL, all of whom reported reactions occurring after eating red meat (Table II) . Sera from a further 21 of the 243 patients were found to have a titer of IgE antibodies to a-gal of less than 1.0 IU/mL. The screening also included sera from a cohort of 28 random patients with chronic idiopathic urticaria and 25 control patients, as well as patients with asthma, anaphylaxis, chronic sinusitis, and atopic dermatitis (see Table E1 in this article's Online Repository at www.jacionline.org). An additional 5 patients presenting to the Ferrell-Duncan Clinic in Springfield, Missouri, with similar histories of delayed reactions to mammalian meat were also found to be positive for IgE antibodies to a-gal. These 24 patients (4 initial patients plus 15 University of Virginia Clinic patients plus 5 Missouri patients) were enrolled as subjects between November 2007 and May 2008. Sera from patients with atopic dermatitis, whose serum IgE antibody titers to other allergens were known, were also screened for IgE antibodies to a-gal.
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Skin testing
Skin prick tests (SPTs) were performed on the volar surface of the arm by using a lancette (Prick Lancetter; Hollister-Stier, Spokane, Wash) after histamine (1.8 mg/mL) reactivity was verified. Commercially available skin testing reagents at 1:20 wt/vol were purchased from Greer (Lenoir, NC). Fresh-food SPTs were also performed in 5 patients. Fresh beef, pork, lamb, and chicken meats were procured from a local organic butcher on each day of testing. The fresh-food extracts were prepared as an approximate 10% wt/vol slurry in 50% glycerin/saline by means of mortar and pestle homogenization of each meat. Total protein concentration was assayed by using the Bradford protein assay according to manufacturer's specifications to ensure equivalence to SPT reagents. In addition, the concentration of a-gal was quantitated in the fresh extracts and SPT reagents by means of inhibition RIA (see Table E2 in this article's Online Repository at www.jacionline.org). In instances in which SPTs produced a wheal of less than 4 mm in diameter, intradermal testing was performed with 0.03 mL of a 1:100 dilution of commercially available reagents (ie, 1:2000 wt/vol) by using a 25-gauge needle. SPTs and intradermal tests were measured 15 minutes after placement. Negative controls were 50% glycerin/saline for SPTs and buffered saline for intradermal tests.
ImmunoCAP IgE assays
Total and specific IgE antibodies were measured by using either commercially available ImmunoCAP (Phadia US, Portage, Mich) or a modification of the assay with streptavidin on the solid phase. 18, 19 The assays were performed with the ImmunoCAP 250 instrument, and the results were expressed as international units per milliliter, where the international unit both for specific and total IgE is approximately 2.4 ng. For specific assays, the standard cutoff point for a positive reaction was 0.35 IU/mL. The streptavidin CAP technique was also used to measure IgE antibodies to a-gal and purified (using mAb 6F9 20 ) cat allergen Fel d 1, where approximately 2 mg of biotinylated antigen was added to each CAP before adding 40 mL of undiluted serum. Sera were tested with commercially available assays for IgE antibodies to dust mite (Dermatophagoides pteronyssinus), cat, dog, grass pollen, beef, pork, lamb, chicken, turkey, codfish, cow's milk, and bromelain to investigate crossreactivity.
Absorption experiments
Absorption assays were carried out with a-gal or beef thyroglobulin bound to sepharose beads. Gala1-3Galb-OCH 2 CH 2 CH 2 NH-sepharose was purchased from Glycotech (Gaithersburg, Md). Beef thyroglobulin (Sigma-Aldrich, St Louis, Mo) was conjugated to cyanogen bromide-activated sepharose 4B beads (GE Healthcare, Piscataway, NJ), as directed. Briefly, 70 mg of protein was incubated with 2 g of HCl-activated sepharose beads overnight at 48C, and unbound sites were blocked with 1% BSA the next day. Beads were stored as a slurry at a 1:10 bead/PBS ratio at 48C. Mock-coupled beads were created concurrently for control absorption studies. Absorption experiments were performed by incubating 500 mL of serum and 50 mL of bead slurry rotating overnight at 48C. Sera was spun to remove beads and assayed for remaining specific and total IgE levels. IgE-specific ImmunoCAP results were adjusted for changes in serum concentrations during the absorption process by measuring transferrin levels by means of ELISA (Bethyl Laboratories, Inc, Montgomery, Tex).
Statistical analysis
We compared quantitative measures of IgE antibodies by using the Spearman rank-order correlation, and the Student t test was used to compare results generated with the absorption assay. A 2-sided P value of less than .05 was considered to indicate statistical significance. Statistical analyses were performed with SPSS software, version 16.0 (SPSS, Inc, Chicago, Ill).
RESULTS
We have identified 24 patients with similar histories of delayed anaphylaxis, angioedema, or urticaria, each of whom has detectable IgE antibodies to a-gal (Table II ). All of the 24 patients selfreported race as ''white,'' and most of the patients described the onset of anaphylaxis, angioedema, or urticaria as occurring without an obvious immediate trigger or provoking event. On detailed questioning, however, patients consistently reported that episodes were associated with having eaten beef, pork, or lamb 3 to 6 hours earlier. The range in time delay from 3 to 6 hours represents the entire cohort of patients, as most patients described symptoms occurring in a consistent time frame. There were 2 exceptions, however. One patient reported 2 episodes of anaphylaxis that occurred while exercising within 2 hours after eating beef. Another patient described the onset of itching and hives 45 minutes after eating beef and pork ribs, with symptoms progressing to anaphylaxis over 2 hours. Several patients described nausea, diarrhea, or indigestion before a reaction; however, the most commonly reported heralding symptom was itching (15/24 patients). Interestingly, among the patients noting a symptom before anaphylaxis, angioedema, or urticaria, the appearance of this symptom was not consistent. Given the delayed nature of the episodes, many reactions occurred late at night or awakened the patients from sleep. In fact, of the patients who experienced anaphylaxis, 5 of 10 had records of repeated treatments in emergency departments between 11 PM and 2 AM. Moreover, the time delay made diagnosis challenging because some patients had not associated eating mammalian meat with the occurrence of their symptoms. By contrast, several patients were enrolled while practicing an appropriate, self-initiated avoidance diet. In either situation patients reported fewer or no episodes when avoiding beef, pork, and lamb (Table II) .
Skin testing with the prick technique showed responses from 2 to 5 mm (Table II and Fig 1) . Given the relatively high titer of specific IgE to beef (Table II and Fig 2, A) , reactivity to commercial extracts used in SPTs was surprisingly small (often a wheal of <4 mm). Using the commercial reagents in a double-prick manner did not produce large skin responses. The results of conventional prick-prick food testing with fresh meats did not differ from those of SPTs with commercially available reagents (data not shown). Preparation of beef, pork, and lamb extracts from fresh meat, however, did result in larger and more reliable SPT responses (Table III and Fig 1, C) . RIA quantitation of a-gal showed that, as judged by the dilution producing 30% inhibition, there were significantly higher amounts of a-gal in beef and pork from fresh food extracts compared with commercial reagents (the difference in lamb did not meet statistical significance). In cases in which SPTs produced a wheal of less than 4 mm, intradermal testing was performed and produced positive reactions (wheal 8 mm; Tables II and III and Fig 1, B) that were reproducible. Consistent with nonreactive SPTs and intradermal tests for chicken, turkey, and codfish, as well as fresh chicken meat extract, inhibition RIA quantitation of a-gal was negative for each of these fresh and commercial reagents (Fig 1 and see Table E2 online).
In keeping with the known distribution of a-gal, the results of serum assays for IgE antibodies to beef, pork, lamb, cow's milk, cat, and dog were positive in the majority of the 24 sera (Fig 2, A) . The lack of reactivity seen on skin testing to chicken, turkey, and fish was supported by sera being consistently negative for IgE antibodies to these allergens (Fig 2, A) . Although 11 of the patients had IgE antibodies to grass pollen and 6 had IgE antibodies to dust mite, 6 of the 24 patients reported seasonal or perennial allergic symptoms (Fig 2, A, and data not shown). Screening sera from 243 patients presenting to the University of Virginia Allergy Clinic for IgE antibodies to a-gal identified 15 cases and 241 additional sera with low-titer (<1.0 IU/mL) positive results (Table I  and Table E1 in this article's Online Repository at www.jacionline. org). Of the 207 sera negative for IgE antibodies to a-gal, 23 random sera were screened for the full panel of antigens, as reported in Fig 2, A. There were 9 sera positive to cat (6 also positive to Fel d 1), 7 to timothy grass, 6 to dog, and 5 to dust mite. None of the 23 sera were positive to beef, pork, lamb, chicken, codfish, or turkey. The 5 patients from Missouri were identified based on the clinical history of delayed reactions to mammalian meats, and the sera screened positive to IgE antibodies to a-gal. Consistent with the other positive sera, the 5 from Missouri also were positive to beef, pork, lamb, cow's milk, cat, and dog (Fig 2, A) . Analysis of serum IgE antibody results shows a significant correlation between IgE antibodies to a-gal (geometric mean, 26.7 IU/mL) and IgE antibodies to beef (8.9 IU/mL; r 5 0.87, P < .001; Fig  2, B) . Surprisingly, the titers of IgE antibodies to cat (9.7 IU/mL) and dog (10.4 IU/mL) epithelia were very similar, and the correlation between the 2 was highly significant (r 5 0.98, P < .001; Fig 2, C) . In these patients IgE antibodies to cat were not explained by sensitivity to Fel d 1 (r 5 0.35, P 5.17; Fig 2, D) .
The results from absorption experiments show that a-gal bound to sepharose beads was capable of significantly reducing specific IgE antibody binding to a-gal, beef, pork, cat, and dog (P < .01; Fig 3, A) . Similarly, use of sepharose-bound bovine thyroglobulin also depleted specific IgE antibody binding (P < .01; Fig 3, A) . In fact, bovine thyroglobulin absorbed binding to a greater extent than did a-gal, likely because of the heavy saturation of a-gal moieties on beef thyroglobulin. 15 In parallel experiments with sera from patients with atopic dermatitis, preincubation of sera with sepharose-bound a-gal or bovine thyroglobulin had no effect on the presence of allergen-specific IgE antibodies (Fig 3, B and  C) . As expected, absorption of sera with sepharose-bound a-gal or sepharose-bound bovine thyroglobulin did not affect the levels of IgE antibodies to chicken, turkey, and codfish (Fig 3 and data  not shown ).
DISCUSSION
The current report contains several new observations. First, the patients report anaphylaxis, angioedema, or urticaria associated with eating mammalian meat 3 to 6 hours earlier. This represents a departure from the conventional food allergy paradigm and might provide an explanation as to why the clinical implications of IgE antibodies to carbohydrate epitopes have not been well characterized to date. 21 Skin responses do occur with appropriate testing, indicating that IgE antibodies to a-gal are present on mast cells, and therefore the delay in symptoms is likely due to digestion, processing, or both of the antigen. Second, we have been able to relate distinct clinical symptoms to the newly described IgE antibody specific for a-gal. The a-gal epitope is abundantly expressed on cells and tissues of nonprimate mammals, 15, 22 making it potentially more clinically relevant than the previously described cross-reactive carbohydrate determinant motifs of xylose and core-3-linked fucose. 23 Screening of sera from the 24 patients with IgE antibodies to a-gal revealed that only 3 of the 24 had cross-reactivity to bromelain, which contains both xylose and core-3-linked fucose (data not shown). Moreover, sera with high titer-specific IgE antibodies to bromelain did not contain IgE antibodies to a-gal (data not shown). a-Gal has not been previously described as a potential food allergen, and its elucidation might explain earlier published reports of delayed food (meat) allergy, 24 eosinophilic gastroenteritis, 25 or an observed reactivity to beef in children allergic to cow's milk. 26 Third, in this cohort of patients with similar histories, symptoms, and serum IgE antibody profiles, we found that conventional SPTs with commercial reagents were insufficient for diagnosis. In fact, a wheal response of less than 4 mm to beef, pork, and lamb performed by using an accepted SPT method with widely used extracts could lead to incorrect guidance for patients, a serious issue when anaphylaxis is the result. Moreover, given the titer of IgE antibodies to a-gal, both SPTs and intradermal tests produce smaller-diameter wheals than would be expected with a protein food allergen, such as peanut. There are several possible 27 Alternatively, the distribution of the a-gal epitope on the intact proteins might not be suitable for cross-linking IgE antibodies on the surface of a mast cell. Despite the obvious logistic challenges, SPTs with freshly prepared food extracts offer an alternative approach with increased diagnostic benefits. We are currently pursuing data to demonstrate positive double-blind, placebo-controlled food challenge results in these patients to document symptoms and the time delay described. If we are able to do so, then the potential exists for using intradermal tests to foods because these patients would meet the proposed criteria. 28 Finally, most patients reported the onset of symptoms within the last 2 to 3 years, challenging the notion that the incidence of adult-onset mammalian meat allergy is rare.
Screening serum samples from multiple geographic locales has revealed a distinct regional distribution of IgE antibodies to a-gal. To date, we have found patients in Virginia, North Carolina, Tennessee, Arkansas, and Missouri, a distribution that roughly correlates with the higher incidence of cetuximab hypersensitivity reactions. 11, 29, 30 This population is enriched, however, and other data suggest that the prevalence of IgE antibodies to a-gal in central Virginia might be approximately 10%. Thus our current data cannot be used to calculate the prevalence of IgE antibodies to a-gal in patients with symptoms, nor does it provide evidence about what percentage of patients with IgE antibodies to a-gal will have symptoms.
Initial attempts to clarify the possible causes of development of IgE antibodies to a-gal included investigation of parasitic infections as an inciting event. Sera from patients with documented helminth infections, however, do not consistently contain IgE antibodies to a-gal (data not shown). Interestingly, more than 80% of the patients in the present cohort report being bitten by ticks before having symptoms; a similar scenario has been recently described in a group of Australian patients. 31 Therefore the implications of IgE antibodies to a-gal might extend well beyond the southeastern United States, and we are pursuing the possibility that bites from ticks or tick larvae of the genus Amblyomma are responsible for triggering the production of IgE antibodies to a-gal.
It has recently been reported that some patients with cat allergy have IgE antibodies that bind to a carbohydrate epitope on cat IgA, a major component of cat epithelium-derived allergy extracts. 32 Further preliminary investigation suggests that these IgE antibodies are binding to an a-gal moiety on cat IgA (M. van Hage, personal communication). Moreover, IgE antibodies to a-gal might explain the clinical observation in Europe of an association between allergy to epithelia and allergy to meat (pork-cat syndrome), 33 as well as the reported observation of cross-reactivity among beef, pork, and pet dander in patients with milk allergy. 34 The significant correlation between IgE to cat and IgE antibodies to a-gal is not because patients with IgE to a-gal have cat allergy; in fact, only 3 of the 24 patients report allergic symptoms to cats, and these correspond to patients with IgE to Fel d 1. Rather, the presence of a-gal moieties on epithelia is responsible for the consistently positive cat (and dog) values, and this is supported by the absorption data showing that preincubation with a-gal or beef thyroglobulin removed this IgE antibody (Fig 3) . This apparent incongruence between ImmunoCAP results and clinical symptoms is also evident in the context of cow's milk because most patients tolerate milk despite positive skin test results and serum titers (geometric mean, 2.80 IU/mL). Ten of the 24 patients reported symptoms to cow's milk, however, and the distinction between cow's milk reactions and the lack of cat/dog allergic symptoms in the setting of seropositivity for each likely is because of the ingestion versus inhalant routes of exposure. Although avoidance of mammalian meat is certainly the recommendation, patients do not appear to require complete avoidance of all mammalian products (ie, the aforementioned tolerance of cow's milk in 14/24 patients). In fact, some patients even report the ability to tolerate small amounts of mammalian meat on occasion without symptoms but then might react to a single piece of bacon, raising the possibility that portion size, processing, preparation, and/or cut of meat might influence the production of a reaction. Another possibility is that a bovine allergen distinct from a-gal is responsible for producing the reactions these patients have experienced.
In conclusion, we have described a cohort of patients with IgE antibodies to a-gal who experience delayed symptoms of anaphylaxis, angioedema, or urticaria after eating mammalian meat. This report of severe food allergy related to IgE antibodies to a carbohydrate epitope is novel, and in keeping with the lack of immediate oral symptoms, skin testing in these patients often produces a wheal response of less than 4 mm. There are 2 major questions that will require further research, the first of which might require controlled food challenges. Why are reactions to meat delayed for several hours? What insult or exposure induces the production of IgE antibodies to a-gal in these adult patients?
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Clinical implications: In patients with IgE antibodies to the carbohydrate a-gal, eating beef, pork, or lamb is associated with delayed anaphylaxis, urticaria, or angioedema and often a less than 4-mm response on SPTs. Table II . One result each for beef, cat, and dog were greater than 100 IU/mL. àChicken, turkey, and fish have a significantly lower prevalence of positive results (P < .01) compared with a-gal, beef, pork, and lamb by means of x 2 analysis. Abs, Antibodies. B, Correlation of IgE antibodies to a-gal and IgE antibodies to beef in patients with IgE antibodies to a-gal. C, Correlation of IgE antibodies to cat and IgE antibodies to dog in patients with IgE antibodies to a-gal. D, Correlation of IgE antibodies to cat and IgE to Fel d 1 in patients with IgE antibodies to a-gal. *Results are expressed as number with positive test result/total tested followed by percentage positive in parentheses. SPTs were performed on the volar aspect of the forearm with a lancette, and a wheal size of 4 mm or greater in diameter was considered positive. àIntradermal tests were performed with 0.03 mL of a 1:100 dilution of commercially available reagents (ie, 1:2000 wt/vol) using a 25-gauge needle, and a wheal size of 8 mm or greater was considered positive. Intradermal tests were performed on patients whose SPT results were nonreactive or less than 4 mm in diameter. §Commercially available skin testing reagents used at 1:20 wt/vol were purchased from Greer (Lenoir, NC). kFresh beef, pork, lamb, and chicken were procured from a local butcher on each day of testing. The fresh-food extracts were prepared as an approximate 10% wt/vol slurry in 50% glycerin/saline.
FIG 3.
Absorption of sera with sepharose-bound a-gal or sepharose-bound bovine thyroglobulin (BT). A, Sera from patients (n 5 8) with IgE antibodies to a-gal were incubated overnight with a-gal bound to sepharose beads (gray bars), bovine thyroglobulin bound to sepharose beads (red bars), or mock-coupled sepharose beads (blue bars) expressed as specific IgE antibodies and adjusted for transferrin concentration. Error bars indicate 95% CIs. B, Sera from patients (n 5 4) with atopic dermatitis (AD) treated as described for Fig 3, A. C, Sera from 2 individual patients with IgE antibodies to a-gal (subjects 18 and 115) and 2 patients with atopic dermatitis (AD1 and AD2) treated as described for Fig 3, UVa, University of Virginia; CIU, chronic idiopathic urticaria. *These 21 sera positive for IgE antibodies to a-gal all have titers of less than 1.0 IU/mL, and these patients were not enrolled in the study and were not counted among the 24 cases. ''Other'' includes nonallergic, oral allergy syndrome, eosinophilic esophagitis, allergic bronchopulmonary aspergillosis/mycosis, rash, and hypogammaglobulinemia. Inhibition RIA for a-gal in fresh extracts of beef, pork, lamb, and chicken compared with commercial reagents. Values are expressed as the dilution of the respective extract to achieve 30% inhibition and the percentage of inhibition at the highest concentration of extract. The results represent the mean of 3 experiments performed in duplicate. A lower value is consistent with an increased presence of a-gal. Briefly, galactose-a-1,3-galactose-b-1,4-GlcNAc*BSA was radiolabeled with iodine 125 by using the chloramine T technique. Serum negative for IgE antibodies to a-gal with a high titer of IgG antibody was incubated for 3 hours with serial dilutions of pork thyroglobulin to construct a standard curve or serial dilutions of meat extracts. Radiolabeled a-gal was then added to these dilutions and incubated for 3 hours. Goat anti-human IgG was then added for overnight precipitation. The following morning, samples were washed 3 times, and the amount of radiolabeled a-gal in the precipitate was quantitated. NA, Dose for 30% inhibition is beyond the limit of detection for this assay. Protein concentration was compared by using the Bradford method according to the manufacturer's specifications. *P < .01 for fresh extract compared with commercial reagent. P < .01 for the concentration of a-gal in mammalian meat extracts compared with chicken.
